From an industrial perspective, fast characterization of raw materials provides an important tool for preventing manufacturing problems and contributes to assure the quality of the final products. In this work, several fast, cheap, and simple methods (Fourier transform infrared spectroscopy (FTIR) and various thermoanalytical techniques) were used for screening and characterization of crude and refined palm oils and other palm-derived products. The FTIR spectra allowed for ready distinction between mesocarp-derived products and those obtained from the kernel. The same applied to high-temperature differential scanning calorimetry (DSC) and differential thermal analysis (DTA) thermograms and the low-temperature DSC curves, in which the peak values and the presence or absence of certain peaks also permitted to differentiate among the various oils and fractions. Correspondences of mesocarp-derived oils with olein and kernelderived oils with stearin were confirmed by both analytical methods and from the crystallization study. The relationship between the triglyceride composition and the FTIR and thermal profiles of the various palm-derived products has potential to be utilized as a facile quality control method in mill plants and laboratories.
Introduction
Fruits and seeds of Elaeis guineensis yield a range of valuable fractions and processed products by refining, fractionation and hydrogenation: viz., crude palm oil, neutralized palm oil, refined bleached and deodorized palm oil, palm olein, palm stearin, palm kernel oil and palm kernel cake or meal. These products represented a global market valued at USD 61.09 billion in 2014, foreseen to grow up to USD 88 billion by 2022. Apart from edible oil, other applications in surfactants, cosmetics, lubricants and biodiesels are also growing, making this crop the largest vegetable oil in the world in terms of produced volume, ahead of soybean oil. [1] Two main oils can be derived from the oil palm, either from the reddish pulp of the fruit or from the kernel of the same fruit. The former, palm fruit oil (or simply 'palm oil'), is a higher acidity oil, therefore of a purer quality, and is extracted from the fibrous flesh (mesocarp) of the fruits after they have been hot-squeezed. On the other hand, palm kernel oil is obtained from the dull white endosperm of the kernel (the true seed), which is crushed to produce the oil and the press cake, which is used mostly for animal feed. [2] According to the Foreign Agricultural Service/USDA Office of Global Analysis, the global palm oil and palm kernel oil productions in 2016/2017 were 62.88 and 7.42 million tons, respectively, and 6.23% and 5.79% increases (up to 66.80 and 7.85 million tons, respectively) have been forecast for 2017/2018, according to a May 2017 report. [3] Palm fruit oil and palm kernel oil give the name to the 16-carbon saturated fatty palmitic acid that both of them contain. Palm kernel oil also has a high content of lauric acid and does not contain trans fatty acids (FAs). [2] The approximate concentrations of FAs in palm oil and in palm kernel oil are summarized in Table 1 . [4, 5] Palm oil undergoes extensive processing before it reaches the consumer. One of those processes is fractionation, which separates liquid olein from solid stearin by semi-continuous crystallization and separation by a vacuum filter or a membrane filter press. The more saturated triglycerides are gradually concentrated in the solid phase (stearin), leaving behind a more liquid phase (olein). [6] These two main fractions have also been studied herein, albeit further fractionations can be carried out to give such products as palm midfraction and 'super olein' or second olein.
In the literature there are studies in which the Fourier transform infrared spectroscopy (FTIR) technique has been used for the analysis of edible oil and fats, such as that by Guillén and Cabo [7] or those by Rohman et al. on refined palm oil on the occasion of adulteration by lard in palm oil [8] or by mixing with virgin olive oil. [9] In fact, Man, Setiowaty, and Van de Voort [10] showed that FTIR could be used to determine the iodine value (often used to guide fractionation processes in order to achieve the desired product quality at optimum operating conditions) of palm oil products with a total analysis time per sample of less than 2 min in substitution of titration methods. Nonetheless, to the best of our knowledge, a more comprehensive study that includes other palm oil products is still missing.
Likewise, thermal analysis has been employed for the characterization of oils from Elaeis guineensis and its products, but only by DSC. [11] [12] [13] [14] [15] [16] For instance, Busfield and Proschogo [11, 12] studied heating thermograms of palm stearin and its hydrogenated products, and Man and Swe [14] used DSC to study the profile of crude palm oil and its products at low temperatures. However, complete profiles by TG/ DTG/DTA and a comparative for the main palm oil products have not been reported so far.
Consequently, the purpose of the work presented herein was to complement and expand aforementioned studies by conducting an assessment of several fast, cheap, and simple methods, namely FTIR, TG/DTG/DTA, and DSC, to be used as a comprehensive guide for characterization purposes and in quality control.
Materials and methods

Samples
High-purity crude palm oil, refined palm oil, crude kernel oil, refined kernel oil, refined palm stearin, and refined palm olein were supplied by Cia Refinadora da Amazônia (Belém, Pará, Brazil), part of Agropalma group. Kernel cake was supplied by the same provider. Palmitic acid (>99%, CAS No. 57-10-3) was purchased from Sigma Aldrich Química S.A. (Tres Cantos, Madrid, Spain). Routine GC-MS analyses of the aforementioned products were conducted to confirm their identities, and results were in agreement with those reported in the literature. [17] [18] [19] Table 1 . Approximate concentration of FAs (in g/100 g FAs) in palm fruit oil and in palm kernel oil. [4, 5] 
Apparatus
The GC-MS analysis was performed on a Varian Star 3400 gas chromatograph (Varian, Walnut Creek, CA, USA) coupled with an ion-trap detector (Varian Saturn 400) equipped with a hightemperature capillary column (DB-5HT, 15 m × 0.25 mm i.d., 0.1 m film thickness; J&W Scientific, Santa Clara, CA, USA). Further details can be found in [20] . The vibrational spectra of the materials in the 400-4000 cm −1 spectral range were measured using a Thermo Scientific (Waltham, MA, USA) Nicolet iS50 FT-IR Spectrometer, equipped with an inbuilt diamond attenuated total reflection (ATR) system. Spectra were recorded at room temperature with 1 cm −1 spectral resolution, 64 scans.
TG/DTA and high-temperature DSC analyses were conducted with a Perkin-Elmer (Waltham, MA, USA) STA6000 simultaneous thermal analyzer by heating the samples in a slow stream of N 2 (20 mL/min) from room temperature up to 500°C, with a heating rate of 20°C/min. Pyris v.11 software was used for data analysis.
The low-temperature DSC experiments were performed in a Perkin-Elmer Pyris 1 power compensation calorimeter. A liquid nitrogen Cryofill cooling unit was used, and helium at a 20 mL·min −1 flux was employed as the purge gas. Perkin-Elmer 30-μL aluminum pans suitable for volatile substances were used, the reference being an empty pan. Temperature calibration was performed using benzophenone, T fus = 48.05°C; [21] cyclohexane, T fus = (6.66 ± 0.04)°C, T trs = (−86.93 ± 0.02)°C [22] and cyclopentane, T trs = (−135.09 ± 0.05)°C; T fus = (−93.43 ± 0.05)°C. [22] Cyclohexane Δ trs H = (6713 ± 74) J·mol −1 was used for enthalpy calibration. [22] Results and discussion
Vibrational characterization
The ATR-FTIR spectra profile for crude palm kernel oil was intermediate between those of palm kernel cake and refined palm kernel oil (Figure 1(a) ). In the same way, there was a good similarity between the spectra of crude palm oil and olein (Figure 1(b) ) on the one hand, and between refined kernel oil and stearin (Figure 1(a) ) on the other hand.
The ATR-FTIR spectra displayed the characteristic peaks (see Table 2 ) of some functional groups common to the ester samples. [7, [23] [24] [25] [26] [27] [28] The characteristic weak band at 3005 cm −1 (which only appeared in palm pulp oils and which was absent in kernel-derived products) is due to asymmetric olefinic C-H stretching vibration of the carbon-carbon double bond. The strong absorption band at 2921-2914 cm −1 (asymmetric aliphatic C-H stretching) shown by all samples also has a lipid origin, as it occurs for the absorption band at 2852-2847 cm −1 (symmetric aliphatic C-H stretching). A fourth lipid characteristic band at 1740 cm −1 is due to the stretching vibration of the triglyceride ester carbonyl (-C-C = O) group. [29] 3500 3000 1500 1000 500 2800 1600 1200 800 400
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Palm fruit oil (crude) Palm fruit oil (refined) Palm olein (refined) Figure 1 . ATR-FTIR spectra of (a) palm kernel products and stearin, (b) palm fruit products and olein.
The iodine value (IV) is used as a parameter in process control, as well as a quality parameter in traded palm oil products. FTIR absorbance ratios A(3006 cm −1 )/A(2919 cm −1 ), A(3006 cm −1 )/A(2851 cm −1 ), and A(3006 cm −1 )/A(1742 cm −1 ) [26] were considered to measure the IVs for crude and refined palm pulp oil, olein, and stearin. The average of these ratios for each of the samples (0.13, 0.09, 0.09, and 0.07, respectively) revealed that the IV for these oils ranges between 30 and 55 mg I 2 /100 g, as expected from their low unsaturation, and are in good agreement with the standard reference values proposed in [30] . Since the oxidative stability is dependent on the IV (the higher the IV, the less stable the oil is), a high stability could be expected.
The band at 1467-1454 cm −1 is due to ›CH 2 scissoring deformation, δ(CH 2 ). The band at 1279 cm −1 exhibited by refined palm pulp oil should be assigned to in plane = C-H deformation in an unconjugated cis double bond. [27] The peak between 1172 and 1145 cm −1 (with its shoulders at 1115-1104 and 1243-1236 cm −1 ), which appeared in the spectra of all the samples, is a fingerprint of long-chain fatty acid methyl ester. [16] The bands at 1115 and 1097 cm −1 come from the stretching vibration of ether linkage in triacylglycerols [7] and their peak heights have been shown to be inversely related to the proportion of saturated acyl groups and oleic acid groups, respectively. [28] The band at 960 cm −1 was present in kernel oils but not listed in the spectra of the oils extracted from the mesocarp of the palm fruits. Peaks around 870 cm −1 and 804 cm −1 [23] are due to the presence of epoxy group in the palm kernel cake. Finally, the bands at 720 cm −1 and 667 cm −1 can be assigned to = C-H planar bending and C-O out of plane bending, respectively. [31] Palmitic  acid  3349  2921  2956  2956  3006  3004  3004  2954  2954  2852  2916  2916  2919  2914  2954  2914  2915 Thermal behavior TG/DTA and high-temperature DSC heating curves accurately expressed the thermal behavior of the various products, and the profiles may also be used as guidelines for characterization (Tables 3 and 4 , Figures 2-5 ). The first thermal effect was due to the melting of high melting point triacylglycerols, which was sensitized with a sharp endotherm for all the samples. The correspondence between DTA and DSC effects was excellent for our registers, and a reasonably good agreement was also attained in comparison to the literature: Nassu and Guaraldo Gonçalves [32] reported melting points at 41.3°C for refined palm pulp oil, at 30.6°C for refined kernel oil, at 27.9°C for olein, and at 54.5°C for stearin (very close to the ones reported herein), while according to Che Man et al. [15] melting would occur at 34.5°C for crude palm pulp oil, at 36.3°C for refined palm pulp oil, and at 57.6°C for stearin. Tarmizi et al., [30] from data obtained from 32 laboratories, indicated that the slip melting point for standard reference stearin would be 53.4°C (so the error would be <2%). Aforementioned temperatures were also in agreement with those expected on the basis of the triglyceride composition of the different Elaeis guineensis products and the temperature of the peaks of triglyceride standards on DSC curves ( Table 5 ). Palm oils (both pulp and kernel ones) and oleinwhich consists mainly of monosaturated (POO) and disaturated (POP and POS) triglyceridesshowed melting points below 45°C, while stearin-which consists mainly of disaturated (PPO) and trisaturated (PPP) triglycerides-showed the corresponding endothermic effect at a higher temperature (above 50°C), in analogy with palmitic acid.
Whereas the peaks at around 216°C and 323°C were shared by all the oils and fractions, the temperatures of peaks at around 40°C and 430°C allowed to readily distinguish the origin of the products: (42.8 ± 0.5)°C and (439 ± 1)°C for mesocarp-derived oils (and olein) vs. (36 ± 1)°C and (422 ± 1)°C for kernel-derived products (and stearin). This result confirms the tentative grouping obtained from FTIR results.
In connection with the last effect in the DSC and DTA curves, attributable to pyrolysis, it should be noted that it corresponded to a virtually entire mass loss. Such mass loss was observable from the TG curves (dashed lines) and the maximum decomposition rate was expressed by the DTG (dotted lines) peaks (summarized in Table 6 ). The temperatures of these peaks were in good agreement with those shown in Tables 3 and 4 for DSC and DTA, respectively, albeit with a ca. 5°C shift to higher temperatures.
Crystallization behavior
The crystallization processes of palm oils are observed on the cooling DSC curves after a first heating from room temperature to 60°C ( Figure 6 ). The effects, summarized in Table 7 , are all of exothermic nature and some of them correspond (with a temperature shift) to the endothermic effects attributed to softening (1-8°C) and melting (ca. 40°C) in the heating cycle. Exotherms at temperatures slightly below zero or above zero can be put in relation with softening and melting endothermic effects in the heating cycles, for instance: the exotherms at −3.3°C and 6.3°C in the cooling cycle for crude kernel oil would be associated to the softening point at 23.5°C and the melting point at 32.7°C, [32] respectively, with a ca. 26°C shift towards lower temperatures. The exothermic peaks at the lowest temperatures (−59.5°in crude palm oil, −58.3°C in refined palm pulp oil, and −62.3°C in olein) can be ascribed to triunsaturated triglycerides (OOO): the triunsaturated (OOO) standard shows its characteristic peak at −52.7°C . [15] This peak was absent in the kernel-derived oils and in stearin, confirming the differential behavior discussed above. The absence of this peak also implies that the fractionation that produced stearin was optimal.
It is worth noting that the position of the exotherms is dependent on the cooling rate, as indicated by Zhang et al. [16] in their study on olein and stearin: as the cooling rate is increased they arrive at lower temperatures and get broadened. At a high cooling rate (20°C·min −1 in this study) higher melting triacylglycerols will be rapidly undercooled and initially crystallized, developing a solid within the liquid phase, and the polymer chains that come into crystalline lattice require a certain "relaxation" time, resulting in a "lag period" compared to the cooling process, which increases as the cooling rate is increased. In addition, this is accompanied by a rapid increase in viscosity, thus heat transfer and mass transfer may be limited. The lower mobility of molecular chains would prevent rearrangement of the crystal, thus forming unstable crystals.
Conclusion
ATR-FTIR spectroscopy and thermoanalytical techniques were used to characterize various E. guineensis oils and fractions: crude and refined palm kernel oils, crude and refined palm pulp oils, palm olein, palm stearin, and palm kernel cake. ATR-FTIR allowed a facile differentiation of the origin (fruit pulp products vs. kernel products): the band at 3006 cm −1 that appeared in the former was absent in later, while the band at 960 cm −1 was characteristic of kernel oils. Likewise, valuable information on the degree of unsaturation (iodine values) and the oxidation stability degree for crude and refined pulp oils, olein, and stearin was retrieved from the bands at 3006, 2919, 2851, and 1742 cm −1 . High-temperature DTA or DSC thermograms also allowed to distinguish the origin of the products through the peaks at around 40°C and 430°C ((36 ± 1)°C and (422 ± 1)°C, present only in kernel-derived products, and those at (42.8 ± 0.5)°C and (439 ± 1)°C, associated with mesocarp oils). Further, low-temperature DSCs cooling curves enabled classification on the basis of the presence of an exothermic effect at ca. −60°C, only present in palm pulp oils. Both ATR-FTIR and thermal analyses link palm pulp oils and olein on the one hand, and kernel oil and stearin on the other hand. Thus, these techniques can be deemed as low-cost, fast and facile screening methods, complementary to the routine GC/MS quality control tests. The work presented herein represents the first comprehensive guide to the use of these methods for characterization purposes and in quality control. 
